AND CONCLUSIONS
1. We have studied responses of anteroventral cochlear nucleus (AVCN) units to single-formant stimuli (SFS), in an effort to make quantitative comparisons with responses observed in auditory-nerve fibers ( ANFs) to the same stimuli (Wang and Sachs 1993 ) and to reveal some of the signal processing mechanisms at the AVCN. Single-unit recordings and subsequent analyses were performed on each type of commonly recorded units, namely primarylike (Pri), primarylike with notch (PN), sustained chopper (ChS), transient chopper (ChT), and onset chopper (OnC), as well as a few onset (On) units, from the AVCN in anesthetized cats. The responses were obtained at a wide range of sound levels and at a frequency range of 1-10 kHz. Modulation in the envelopes of discharge patterns was quantified by a measure called modulation depth. 2. At moderate to high sound levels, most AVCN units were found to have enhanced modulation depth compared with that of ANFs, although the degree of enhancement varies among different types. All AVCN units, except Pri type, showed an enhancement in modulation depth over that of the highest of ANFs at moderate to high sound levels in the order of (from the highest to the lowest) On, OnC, ChT/PN, and ChS. Specifically, 1) modulation depth in Pri units was comparable to that of high spontaneous rate (SR) ANFs at low sound levels and to that of low/ medium SR ANFs at high sound levels (in dB SPL). When sound level was normalized by unit threshold, Pri units, on average, exhibited only limited enhancement in envelope modulation at high sound levels (>80 dB re threshold);
2) PN units showed substantially enhanced modulation depth over that of all SR groups of ANFs at moderate to high sound levels in dB SPL or dB re threshold scales; 3) significant enhancement in modulation depth was seen in both ChS and ChT units, with a slightly higher modulation depth in ChT type across sound levels (in dB SPL or dB re threshold); 4) modulation depth of OnC units was higher than those of primarylike (Pri and PN) and chopper (ChS and ChT) units at a wide range of sound levels; 5) responses from a limited sample of On units showed the highest modulation depth among all types of AVCN units.
3. Detailed analysis revealed that the enhanced modulation depth in the responses of AVCN units is the result of increased envelope peak height and decreased envelope minimum, relative to those of ANFs. In particular, 1) PN units achieved this enhanced modulation depth mainly by a reduction in the envelope minimum and a small increase in the envelope peak height; 2) the enhancement in ChS and ChT units resulted from decreased envelope minimum and substantially increased envelope peak height; 3) the greatly reduced envelope minimum in OnC units is the crucial factor in the observed enhancement. Some of OnC units also showed significantly increased envelope peak height; 4) high modulation depth in On units was caused by an extremely low envelope minimum. Data presented in this study also showed that AVCN units can have different average discharge rates and yet still exhibit enhanced modulation depth.
4. The envelope latency of responses to SFS in AVCN units exhibited properties similar to the first spike latency determined by tonal stimuli. ChS/ChT units were found to have longer latency than Pri/ PN units do at all frequencies studied. For both Pri / PN and ChS / ChT units, envelope latency decreased as sound level increased. However, there was a greater reduction in latency from low to high sound level in ChS/ChT units than in Pri/PN units.
5. The results of the present study suggest convergence of multiple ANFs on an AVCN cell as a mechanism for the observed increment in envelope peak height. The effect of convergence is stronger at high sound levels if inputs from low/ medium SR or off-best frequency (BF) ANFs are present. Two mechanisms are suggested to explain the reduction in envelope minimum: 1) a threshold effect due to temporal integration of subthreshold excitatory postsynaptic potentials (EPSPs) and 2) somatic inhibition that changes the discharge threshold in an AVCN cell. The above three mechanisms are proposed as potential candidates responsible for the observed modulation enhancement.
INTRODUCTION
Understanding the roles that cochlear nucleus (CN) neurons have in auditory information processing has been one of the key objectives of auditory research in recent years. The neural spike trains carried by the auditory-nerve fibers (ANFs) enter the brain stem through the CN, where the central processing of auditory signals begins. One important question about signal processing in the CN concerns how different features of acoustic stimuli are processed by different cell types. In this paper we focus on the processing of stimulus envelope modulation, a feature important in the perception of speech (de Boer 1976; Flanagan 1972; Plomp 1976) .
It has long been proposed that auditory information is processed by parallel pathways arising within the CN (Evans and Nelson 1973a,b; Kiang et al. 1973; Morest et al. 1973; Poljak 1926) . The CN has traditionally been divided into three subdivisions according to its anatomic structures, the anteroventral ( AVCN), posteroventral (PVCN), and dorsal (DCN). Cell types with distinctly different morphologies (Lorente de No 198 1) and membrane properties (Hirsch and Oertel 1988; Oertel 1983; Wu and Oertel 1984) have been found within each subdivision. Different morphological cell types are characterized by different responses to tonal stimuli [reviewed by Young ( 1984) ]. The present report focuses on the AVCN. (Brawer et al. 1974; Cant and Morest 1979b; Tolbert and Morest 1982) . Bushy cells commonly have a small number of short, stubby dendrites with many branches (Brawer et al. 1974; Cant and Morest 1979a) . They are further divided into two morphological classes: spherical and globular bushy cells (Brawer and Morest 1975; Brawer et al. 1974; Cant and Morest 1984; Fekete et al. 1984; Lorente de No 198 1; Rouiller and Ryugo 1984; Ryugo and Fekete 1982) . Evidence suggests that spherical bushy cells receive one or a few ANF inputs through large somatic terminals (i.e., the end bulbs of Held; Brawer and Morest 1975; Lorente de No 198 1; Rouiller et al. 1986; Ryugo and Fekete 1982 ; Ryugo and Sento 199 1 ), whereas globular bushy cells receive a larger number of ANF inputs through smaller somatic terminals (i.e., modified end bulbs; Brawer and Morest 1975; Lorente de No 198 1; Fekete et al. 1984; Rouiller et al. 1986 ). Stellate cells usually have a large number of long, tapering, and less-branched dendrites (Brawer et al. 1974 ). On the basis of patterns of synaptic innervation, AVCN stellate cells are divided into two morphological types (Cant 198 1) . One type of stellate cell is sparsely innervated on its somata and receives most synaptic inputs on its dendritic tree. The other group of cells has synaptic inputs contacting >80% of the area of their somata and proximal dendrites. A large portion of these inputs are noncochlear and may be inhibitory, on the basis of vesicle morphology (Cant 198 1; Smith and Rhode 1989; Tolbert and Morest 1982) .
Studies in isolated brain slice preparations reveal distinctly different membrane properties in AVCN stellate and bushy cells. Oertel and colleagues (Oertel 1983; Wu and Oertel 1984) found that stellate cells have a linear membrane voltage-current relation, whereas bushy cells have a nonlinear voltage-current relation. Moreover, stellate cells discharge regularly when depolarized by steady current, but bushy cells give only one discharge. Besides differences in their morphology and membrane properties, bushy and stellate cells differ in their responses to pure tone stimuli. Bushy cells exhibit poststimulus time histograms (PSTHs) to best frequency (SF) tones that are similar to those observed in the ANFs and thus are called primarylike units, whereas stellate cells have PSTHs with equally spaced peaks and are therefore referred to as chopper units (Pfeiffer 1966) . In addition, analysis of interspike intervals of responses to short tone bursts (Bourk 1976; Young et al. 1988a) shows that primarylike units have larger coefficients of variation (CV, defined as the standard deviation of interspike intervals divided by the mean interval) than those of chopper units. This implies that chopper units discharge more regularly than do primarylike units. The chopper-PSTH is the result of this regular firing pattern. Phase-locking in the responses of primarylike units is as strong as that of ANFs; phase-locking is much weaker in the responses of chopper units (Blackburn and Sachs 1989; Bourk 1976) .
Recent studies of responses to speech sounds indicate that different aspects of the ANF representation of speech spectra are processed by populations of AVCN chopper and primarylike units (Blackburn and Sachs 1990) . The study by Blackburn and Sachs ( 1990) showed that the spectrum of a vowel is well represented by rate-place profiles (plots of discharge rate vs. unit BF) of AVCN chopper units over the entire range of stimulus intensities tested, but temporalplace profiles (plots of some measure of phase-locking vs. unit BF) observed in ANFs are degraded in chopper units. On the other hand, primarylike units preserve temporalplace but not rate-place profiles from the ANF. These results suggest that populations of chopper units may function as a rate processor of stimulus spectrum, whereas primarylike units may have a role in preserving temporal information.
Although details of the processing leading to these differences are not known, Blackburn and Sachs suggest that their results are consistent with the hypothesis that chopper units perform a "selective listening" operation on their inputs (Winslow et al. 1987) . By selective listening we mean that responses of choppers reflect their inputs from high spontaneous rate (SR) ANFs at low sound levels and their low SR inputs at high sound levels. High SR ANFs provide a good rate-place representation of vowel spectra at low sound levels and not at high sound levels because of rate saturation; low SR ANFs provide a good representation at high sound levels because of their higher thresholds and wider dynamic ranges (Liberman 1978; Sachs and Young 1979; Schalk and Sachs 1980) .
Envelope modulation is another feature that carries important information in the speech signal (de Boer 1976; Flanagan 1972; Plomp 1976) . A study of neural representation of the envelope modulation across sound levels by AVCN cells will provide us not only with information on signal processing mechanisms in the CN but also with an important data base for constructing better models of AVCN cells. In a previous study with single-formant stimuli (SFS), we showed that the representation of envelope modulation is preserved at high sound levels by low/ medium SR ANFs but not by high SR ANFs (Wang and Sachs 1993 ) . In the present report, we will describe how the ANF representation of envelope modulation in SFS is transformed by AVCN units. Because of the differences in the behavior of low and high SR ANFs, our results are important in evaluating the selective listening hypothesis.
METHODS

Preparation
Techniques used in preparations are essentially identical (including anesthesia) to those used in our previously reported ANF experiments (Wang and Sachs 1993), except the exposure of the AVCN and the use of platinum-iridium microelectrodes. Briefly, healthy adult cats weighing 2-4.5 kg and free from external ear obstructions or middle ear infections were injected intramuscularly with ketamine hydrochloride ( lOO-120 mg). Atropine sulfate was administered to reduce mucous secretion. A tracheotomy was performed. Anesthesia was maintained by intravenous injection of pentobarbital sodium throughout the experiment. Cats were placed in a soundproof chamber (Industrial Acoustic 1204A). Rectal temperature was maintained at -38OC. The external meatus was exposed and transected. A several-feet-long tube ( 1.4 mm in diam) was glued to a hole drilled into the bulla to prevent the buildup of negative pressure (Guinan and Peake 1967) . The cranium between the tentorium and the nuccal ridge was removed, and the AVCN was exposed by partial aspiration of the cerebellum. Platinum-iridium microelectrodes with platinized tips were used to record from AVCN units and were placed in the AVCN under direct visual observation: Electrodes were advanced dorsoventrally with the use of a hydraulic microdrive. 
Acoustic stimuli
Acoustic stimuli were delivered via a closed acoustic system utilizing an electrostatic earspeaker ( Sokolich 1977 ) . Acoustic calibrations at the eardrum were performed for each cat with the use of a probe tube. Examples of acoustic calibrations for this system have been published previously (Winslow and Sachs 1987) . Stimuli used included asynchronous short BF tone bursts (50-ms duration, 1.6-ms rise and fall time, 500-ms repetition rate) to collect data for PSTHs and regularity analysis and synchronous bursts of SFSs (400-ms duration, IO-ms rise and fall time, 1 ,OOO-ms repetition rate) at a number of sound levels to collect data for constructing period histograms. The detailed description of SFS is given in Wang and Sachs ( 1993) . Briefly, SFS used in this study is a narrowband stimulus, digitally synthesized to approximate the response of an resistor-inductor-capacitor (RLC) circuit to a periodic impulse train. The 3-dB bandwidth of the stimulus was set equal to the average 3-dB bandwidth of vowel formants at the stimulus carrier frequency for frequencies ~3.0 kHz and set to a constant thereafter up to a high frequency limit of 10.0 kHz. The formant bandwidths were taken from the study by Dunn ( 196 1) . As a result, the amount of amplitude modulation in SFS increases from 1 .O to 3.0 kHz and remains constant for higher carrier frequencies (Wang and Sachs 1993) . A set of 128 stimuli were presynthesized and stored; their carrier frequencies were logarithmically equally spaced over the frequency range between 1 .O and 10.0 kHz. The fundamental frequency of the stimulus, equal to 1 /stimulus period, is the subharmonic of the carrier frequency closest to 125 Hz. The period of an SFS is -8.0 ms, digitized at 256 samples per period. An SFS with carrier frequency of 1 .O kHz is shown in Fig. 1A . Two periods of the SFS and its amplitude spectrum are plotted in this figure. For each AVCN unit to be studied, one stimulus was chosen from the set such that its carrier frequency was as close as possible to the unit BF or to some other desired frequencies; with 128 stimuli, carrier frequency was always within 1.0% of BF or the desired frequency, the limitation being imposed by the number of digital waveforms that were stored.
Data recording
Discharges of single AVCN units were recorded in the form of spike times for off-line analysis. Time resolution was 10 ,US for responses to SFS and 100 pus for all other stimuli. During an experiment, an AVCN unit was first isolated with noise bursts as search stimuli. Then BF and threshold of the unit were determined from a tuning curve derived using an automated tuning curve procedure (Kiang et al. 1970 ). Responses to short tone bursts at the BF, 30 dB above unit threshold, were collected to allow computation of PSTHs for the purpose of unit classification; usually 300 short tone bursts were presented. Samples of spike waveform were digitized and stored to identify prepotentials in the waveform (Pfeiffer 1966) . Spontaneous discharges were recorded over a long period, usually over 50 s, to obtain an accurate estimate of SR. A rate-level function for long tone bursts at the BF in 1 -dB increments was also obtained. Finally, long bursts of SFS (400 ms in duration) chosen from the set of 128 were presented once per second until ~4,000 spikes were collected or 100 SFS bursts were presented. Data were collected for SFSs over a range of sound levels. For data presented in this report, the carrier frequency of SFSs was set to the unit BF (within I % ) .
Histological reconstruction
Histological reconstructions of the AVCN were performed in most AVCN experiments to verify the locations where recordings were made (Wang 199 1). At the end of each experiment, one or two electrolytic lesions were made, usually at the posterior edge of all recording sites. The animal was then perfused transcardially X. WANG AND M. B. SACHS with isotonic saline, followed by 10% formaldehyde (Formalin). After fixation, the brain was removed and the CN was blocked. Frozen sagittal sections were stained with cresyl violet and Luxol fast blue. Usually a few recording tracks could be identified by the darkly staining inflammatory response produced by the microelectrodes and the electrolytic lesions. None of the identified tracks or lesion sites was outside the AVCN. Not all electrode tracks were reconstructed in histology; however, because all penetrations were anterior to the lesions that were found, we are confident that our recordings were all made within the AVCN.
Data analysis AVCN data presented in this report are from 13 experiments. ANF data used for the purpose of comparison are from a previously reported study (Wang and Sachs 1993) in which the same SFSs were used. Unless indicated, ANF data were pooled from seven experiments. In some cases, a smaller group of ANF data is used in comparison, and this is indicated in the figure caption. These ANF experiments were chosen because they were conducted closest in time to the AVCN experiments reported here and had a fairly large number of units that distribute across SR and BF. ANFs are divided into three populations in the present study on the basis of their SR: low SR ( SR < 1 .O spikes/s), medium SR ( 1 .O < SR 5 18.0 spikes/s) and high SR (SR > 18.0 spikes / s) . UNIT CLASSIFICATION.
AVCN units were classified using the same scheme as that reported by Blackburn and Sachs ( 1989) except that an additional type, onset-chopper, is added. The classification was based on 1) analysis of PSTH patterns of responses to 50-ms tone bursts at unit BF, 30 dB above threshold; 2) analysis of interspike interval regularity within the 12-to 20-ms interval after stimulus onset of responses to 50-ms tone bursts; 3) for units with "chopping" PSTH, spike-per-peak (the fraction of stimulus trials during which a spike occurred in each peak) values were computed for the first few peaks in the PSTH. AVCN units were classified into six types, primarylike (Pri), primarylike with notch (PN), sustained chopper (ChS), transient chopper (ChT), onset chopper (OnC), and onset (On), according to the following criteria [see Blackburn and Sachs ( 1989) for details]. A few units that did not fit any of the above six types were classified as "unusual" and were not included in the data analysis. Briefly, units were first classified into "primarylike, " "onset," or "multimodal" category on the basis of their PSTH shape. Units in the "primarylike" category were further classified into Pri, PN, or On type using the criteria described by Blackburn and Sachs ( 1989) . Units in "onset" category were classified as On type. Units in "multimodal" category were examined to see whether they had significant "chopping."
This was done by calculating spike-per-peak values for the first few peaks in the PSTH (Young et al. 1988a) . Units that had sufficiently high spike-per-peak values (>0.9 in the 1 st 3 peaks) were put in the chopper category and were then subject to the analysis of their regularity. If a unit had a nearly constant mean interspike interval (ISI) or had a linearly increasing mean IS1 and a CV < 0.3 (averaged in 12-20 ms after tone onset), it was classified as ChS. Otherwise, the unit was classified as ChT. Units that did not have 20.9 spikes-per-peak values in the first three peaks of their PSTHs were classified as OnC type. In this study, we defined the OnC type solely on the basis of the PSTH shape. The tuning characteristic and dynamic range, which were used by Rhode and Smith (1986) , were not included in the definition adopted in this study. However, many of our OnC units had monotonically increasing rate-level functions in response to BF tones (data not shown). Throughout the rest of this paper, each of the six AVCN unit types will be referred by its abbreviation. For the sake of brevity, we will sometimes use the word "primarylike" for Pri and PN types, "chopper" for ChS and ChT types, and "onset" for OnC and On types. COMPUTINGPERIODHISTOGRAMSANDENVELOPES. Themethods used to compute period histograms and their envelopes are described in detail in Wang and Sachs ( 1993 ) . A period histogram is constructed by folding a data record about one period of the stimulus. The envelope of a period histogram is constructed on the basis of the spectrum of the histogram. The spectra of period histograms of responses to SFSs in AVCN units usually consist of from one to a number of isolated peaks, depending upon the unit type and BF value; these peaks are centered at dc and at frequencies equal to unit BF and its harmonics. Each of the peaks can be considered as a narrowband signal, whose waveform in time domain is equivalent to a sinusoid multiplied by a slowly changing waveform. This slowly changing waveform is referred to as the fractional envelope of the spectral peak. Fractional envelopes from all spectral peaks are summed linearly to obtain the envelope of the period histogram. An example of a period histogram and its envelope is shown in Fig. 1 Period histograms. Primarylike units include two subtypes: Pri and PN. These units are found to have regularity and phase-locking to BF tones similar to those of ANFs (Blackburn and Sachs 1989; Bourk 1976; Young et al. 1988a ). The period histograms of their responses to SFS shown in Fig. 2 are also similar to those of ANFs (Wang and Sachs 1993) . In this figure, we plot period histograms and their envelopes from a Pri (BF 3.026 kHz) and a PN (BF 2.634 kHz) unit at a number of sound levels. Both units show phase-locking to their BF (equal to stimulus carrier frequency) in the period histograms. The PN unit shown maintains high envelope modulation at 95 dB SPL, a level at which envelope modulation nearly disappears in the responses of high SR ANFs (Wang and Sachs 1993 ) . Envelope fluctuation in period histograms of the Pri unit shown decreases faster as sound level increases than does that of the PN unit. Notice that in both the Pri and PN units shown in Fig. 2 , envelope maximum increases as sound level increases and then decreases after achieving a maximum value, whereas envelope minimum increases monotonically as sound level increases. the distribution of the same functions from ANFs with all SRs in the same BF range. The shape of modulation depth versus sound level functions from Pri units (solid lines) is similar to that of ANFs. Except in a few cases, modulation depth of Pri units falls into the area of ANFs at all BFs we studied. PN units (dashed lines), however, behave quite differently from ANFs. Although a few PN units are similar to ANFs, the majority clearly show higher modulation depth at moderate to high sound levels above threshold. Because the falling limb of curves in Fig. 3 is roughly linear, we summarize the above observations by computing sound levels in dB re threshold corresponding to a 0.75 modulation depth and plotting them in Fig. 4A against unit BF. Figure 4B , inset, illustrates how the computation is carried out. Nearly all Pri units fall within the range of ANFs, whereas the PN units lie above that range.
We now examine envelope modulation in primarylike units with respect to sound level in dB SPL. In Fig. 4B , sound levels required to produce a 0.75 modulation depth are plotted versus unit BF for both primarylike units and ANFs. The separation of low/ medium SR from high SR ANFs (Wang and Sachs 1993), with low/medium SR ANFs maintaining modulation at higher sound levels, is evident in this plot. Pri units are mixed with both high and low/medium SR ANFs. Nearly all PN units are shown to maintain 0.75 modulation depth at sound levels (in dB SPL) comparable to or higher than those of low/medium SR ANFs. Other aspects of the responses will be examined later to further explain the similarities and differences between primarylike units and ANFs reflected in envelope modulation.
The analysis of synchronization index of individual spectral peaks of period histograms and their contributions to overall envelope fluctuation in primarylike units (Wang 199 1) shows distributions similar to those of ANFs reported in Wang and Sachs ( 1993) .
Period histograms. Period histograms and their envelopes for chopper unit responses to SFS are shown in Fig. 5 . It is well known that synchronized responses to BF tones degrade in chopper units (Bourk 1976 ) . However, synchronized responses to stimulus envelope are maintained in chopper units over a wide range of sound levels, as shown in Fig modulation depth over that of ANFs are mostly high BF ChT units (shown in dashed lines). Sound levels in dB re threshold corresponding to a 0.75 modulation depth are computed and plotted in Fig. 7A to summarize these observations. All chopper units are shown to be close to or higher than the average value of ANFs across BF, indicating that individual chopper units can code modulation at higher sound levels than do ANFs. Comparison between chopper units and ANFs when sound level is in dB SPL is made in Fig. 7 B. Chopper units are shown to maintain 0.75 modulation depth at higher sound levels than do high SR ANFs. Roughly one-half of the chopper units shown lie in the range of low/medium SR ANFs. The remaining choppers keep 0.75 modulation depth at higher sound levels than do all ANFs. Five ChT units and two ChS units extend 0.75 modulation depth to 100 dB SPL or over, a phenomenon rarely observed in ANFs.
ONSET POPULATIONS.
Period histograms. Figure 8 shows period histograms and their envelopes from an OnC and an On unit. The shape of these histograms is very different of the ChT unit, which is typical of many units we studied. Envelope peak height is generally greater in chopper units than in ANFs (see Fig. 12 ). Some chopper and a few OnC units gave period histograms that exhibit "multiple peak" patterns in response to SFS, i.e., with two or three peaks in envelopes. The intervals between these multiple peaks were found to be highly correlated with chopping intervals of PSTHs for BF tones, indicating that the "multiple peak" patterns are due to the regular firing of chopper units (Wang 1991) .
Modulation depth. Modulation depth of chopper units is plotted versus sound level in dB re threshold in Fig. 6 . Also shown is the range of modulation depths of ANFs as the shaded area. For all BF ranges studied, most chopper units have higher modulation depths at moderate to high sound levels than do ANFs. The average position of the falling limbs of curves in from that of ANFs. Period histograms of the OnC unit shown in Fig. 8 are characterized by a narrow envelope peak and complete absence of spikes in a portion of period. This OnC unit also shows a monotonically increasing envelope peak height and decreasing envelope peak width with increasing sound level, which is not seen in ANFs, primarylike or chopper units. A large number of OnC units were observed to have monotonically increasing rate-level functions for BF tones across a broad range of sound levels (data not shown). The period histograms of the On unit shown in Fig. 8 are pulse-like with fully modulated envelope at all sound levels tested, which is typical of On units.
Modulation depth. Only a few On units were encountered in the experiments conducted. The percentage of On units encountered in previous studies was similarly small (Blackburn and Sachs 1989; Bourk 1976; Shofner and Young 1985 ) . On units usually show extremely high modulation depth even at the highest sound level tested. This can be seen in Fig. 9 , where modulation depth of On (dashed lines) and OnC (solid lines) units is plotted versus sound level in dB re threshold. Every On unit we studied maintained modulation depth >0.9 at all sound levels. Because the number of On units we studied was small, observations regarding On units should be viewed as being preliminary. The performance of OnC units is diverse, as seen in Fig. 9 B. The diversity of OnC units in Fig. 9 reflects the nature of the unit classification scheme we adopted in this study. The class of OnC units is more heterogeneous than the primarylike and chopper classes. Some OnC units have PSTHs that clearly exhibit "chopping" patterns and significant sustained rates but with smaller "spike-per-peak" values than those of ChT/ChS units. These units behave more like choppers than On units. The other extreme of OnC units has PSTHs which exhibit some degree of "chopping" but have low sustained rates, which makes them closer to On than to ChT/ChS units.
Finally, sound levels in both dB re threshold and dB SPL at which modulation depth is equal to 0.75 are computed for onset units and plotted in Fig. 10 . In Fig. 1OA we see that three out of seven OnC units studied are similar to ANFs; the other four show 75% modulation at levels higher than those of ANFs. Because On units often have very high BF thresholds and the highest sound level used in our experiments is -110 dB SPL for all units, data available from On units are usually within a small range of sound levels above threshold. This is why On units presented in Fig. 10 B (analysis in dB SPL) do not show up in Fig. 1OA (analysis in dB re threshold). In Fig. 10 will be made with respect to sound level both in dB re threshold and in dB SPL.
Comparison with respect to sound level in dB relative to threshold. Because the modulation depth of SFSs varies with carrier frequency (set equal to unit BF in this study), considerations need to be taken in grouping units for comparisons. Units with BFs between 3 and 10 kHz are grouped together because the modulation depth of SFS stays constant in this frequency range (see METHODS) .
For this group of units, we compare their modulation depth versus sound level functions, which are shown in Figs. 3, 6 , and 9. In Fig.  11 , least-square fits of modulation depths at different sound levels are shown for ANFs and each type of AVCN units with BFs between 3 and 10 kHz. Each curve is obtained by fitting the function y = 1 -log [ 1 + ( x/a)b] to modulation depths at various sound levels from one type of unit. The functional form of the fit is chosen on the basis of the general shape of modulation depth versus sound level functions in the frequency range under consideration. Figure  11A shows the results when sound level is in dB re threshold. Low/medium and high SR ANFs are grouped together in this figure because their modulation depths do not show systematic differences with respect to sound level in dB re threshold (Wang and Sachs 1993) . From moderate to high sound levels (>50 dB above threshold) we see the following relationships among unit types: 1) the modulation depth of Pri units is similar to that of all ANFs at all but very high sound levels, where they appear to show some enhancement over ANFs; 2) ChS units show modulation depth considerably higher than that of ANFs as well as Pri units but lower than that of all other AVCN types at most sound A: sound levels in dB re threshold.
B: sound levels in dB SPL. Symbols for both plots are defined in legend of A. levels; 3) the On units have the highest modulation depth, followed by OnC units, whose modulation depth is higher than ANFs and all other AVCN types at high sound levels; 4) there is little difference between modulation depths of PN and ChT units at most sound levels, except at very high sound levels (>9OdB) where modulation depth in ChT units exceeds that of PN units. Quantitative comparisons made for units with BFs of l-3 kHz, based on the data shown in Figs. 4, 7 , and 10, are in general consistent with those stated above (data not shown).
We can thus summarize each AVCN type's ability to code envelope modulation at moderate to high sound levels (in dB re threshold) by the relationship On > OnC > ChT -PN > ChS > Pri -ANF (all SR) where the symbols '5" and " m" denote "higher than" and "comparable to," respectively.
Comparison with respect to sound level in dB SPL. Figure  11 B shows least-square fits of modulation depths at various sound levels (in dB SPL) for ANFs and each type of AVCN units, all with BFs between 3 and 10 kHz. Low/medium and high SR ANFs are fitted separately in this figure. There is a monotonic increase in modulation depth at moderate to high sound levels in the order of high SR ANF, low/medium SR ANF, PN/ChS/ChT, OnC, and On unit. The difference among PN, ChS, and ChT units is small. Modulation depth of Pri units is comparable to that of high SR ANFs at low sound levels and to that of low/medium SR ANFs at high sound level. At medium sound levels, modulation depth of Pri units is between those of low/medium and high SR ANFs. Similar relationships are also found among units with BFs of l-3 kHz (data not shown). One exception is that low-BF ChS units (BF < 3 kHz) seem to be less able than PN or even ChT units to code envelope modulation at moderate to high sound levels.
In summary, the relationship among unit types with re- Thus a decrease in envelope minimum or an increase in envelope peak height will lead to an increase in modulation depth. We shall see below that the above expression of modulation depth is more convenient for the discussion of possible underlying mechanisms because envelope minimum is typically a monotonic function of sound level, whereas envelope maximum and envelope peak height are not. As will be discussed later, changes in envelope peak height and envelope minimum can result from different mechanisms. In the following, we will examine these two variables at different sound levels and their effects on modulation depth. All analyses in this section are based on data from units with BFs between 3 and 10 kHz; the parameters of SFSs are constant within this frequency range.
ANALYSIS
OF ENVELOPE PEAK HEIGHT.
Envelope peak height, defined as the difference between the maximum and the minimum of an envelope, is a measure of absolute fluctuation in an envelope. As reported previously (Wang and Sachs 1993), the envelope peak height of ANFs first rises as sound level increases and then decreases at high sound levels. When plotted versus unit threshold, envelope peak height from both low/medium and high SR ANFs peaks at about the same sound level in dB re threshold. However, because of their higher thresholds, low/medium SR ANFs maintain higher envelope peak height at high sound levels (in dB SPL) than do high SR ANFs. Figure 12 gives an overview of envelope peak height as a function of sound level in dB SPL for each of the six AVCN types with ANF data plotted on the background. One characteristic of ANFs is that envelope peak height of low/ medium SR ANFs peaks at a higher sound level (dB SPL) than does that of high SR ANFs. Thus envelope peak height is higher in high SR ANFs at low sound levels and higher in low/medium SR ANFs at high sound levels (all in dB SPL). As shown in Fig. 12A , the envelope peak height of Pri units is similar to that of ANFs in that 1) envelope peak height of Pri units is confined to the range of that of ANFs and 2) envelope peak height of most individual Pri units seems to follow that of ANFs in one SR group. PN units show some degree of increase in envelope peak height at moderate to high sound levels over that of ANFs (Fig.  12B) . In contrast, chopper units exhibit considerable differences from ANFs (Fig. 12, C and D) . Most chopper units have envelope peak heights greater than the highest envelope peak height of all ANFs over a range of sound levels. A large portion of OnC units shows much increased envelope peak height over that of ANFs (Fig. 12 E) . The maximum envelope peak height in OnC units is, in some cases, more than twice that of the maximum envelope peak height of all ANFs. Interestingly, our limited data show that there is not much deviation of envelope peak height in On units from that in ANFs (Fig. 12 F) .
Because there is a fairly large variation in the distribution of envelope peak height within each SR group of ANFs and each type of AVCN unit, values of envelope peak height at a low and a high sound level, 40 and 80 dB SPL, are com- puted and plotted versus BF in Fig. 13 to give a more quantitative view of the above observations. Notice that high SR ANFs have greater envelope peak height than that of low/ medium SR ANFs at 40 dB SPL (Fig. 13A) . The opposite is true at 80 dB SPL (Fig. 13 0) . Pri units do not show significant differences from ANFs as a group at either sound level (Fig. 13, A and D) . At 40 dB SPL, PN units have envelope peak heights approximately equal to those of high SR ANFs but higher than those of low/ medium SR ANFs (Fig. 13A) . At 80 dB SPL, PN units show envelope peak height comparable to or higher than low/medium SR ANFs and higher than that of high SR ANFs (Fig. 13 0) . Figure 13 , B and E, shows that the majority of chopper units have significantly higher envelope peak height at both low and high sound levels. The increment in envelope peak height over that of ANFs is higher at 80 than at 40 dB SPL.
OnC units seem to divide into two groups (Fig. 13, C In our earlier report (Wang and Sachs 1993), we showed that envelope minimum is a monotonically increasing function of sound level at moderate to high sound levels. Furthermore, it was shown there that, at the same sound level (dB SPL), high SR ANFs have higher envelope minima than do low/medium SR ANFs. Given an envelope peak height, a higher envelope minimum means a lower modulation depth. In Fig. 14, A 14C. Note that low/medium SR ANFs as a group show lower envelope minima than do high SR ANFs. Pri units are shown to have their envelope minima spread over the whole range of both low/medium and high SR ANFs (Fig.  14A) . Some Pri units even show envelope minima higher than those of ANFs. PN units, on the other hand, have their envelope minima confined entirely to the range of low/medium SR ANFs with a few of them in the overlapping area of low and high SR ANFs at high sound levels (Fig. 14B) . At 80 dB SPL, the majority of PN units have envelope minima comparable to or lower than those of low / medium SR ANFs (Fig. 14C) . At this sound level, PN units have enhanced modulation depth with a value close to that of chopper units (Table 1 ) , and their envelope peak height is higher than that of ANFs but lower than that of chopper units (Fig. 13, D and E) . Data in Fig. 14C indicate that the reduced envelope minimum is a significant factor in giving the enhanced modulation depth seen in PN units.
Envelope minima of chopper units are analyzed in Fig.  15 . Both ChS and ChT units have their envelope minima distributed within the range for low/medium SR ANFs (Fig. 15, A and B) . At 80 dB SPL, envelope minima of the majority of chopper units are equal to or smaller than those of low/medium SR ANFs (Fig. 15C) . Several ChT units have nearly zero envelope minima at 80 dB SPL, whereas their envelope peak height can be as high as 500 spikes/ s or above at the same sound level (Fig. 13 E) , more than twice those of ANFs (Table 1) . The mean envelope minimum of chopper units (49.96 spikes/s, ChS; 57.45 spikes/s, ChT), for BF 3-10 kHz at 80 dB SPL, is slightly higher than that of PN units (46.35 spikes/ s) in the corresponding group ( see Table 1 ). It is noted that the variation in envelope minimum among chopper units is large. The higher envelope minimum reduces modulation depth in chopper units to values close to those of PN units though chopper units have higher average envelope peak height at 80 dB SPL (see Table 1 ).
The lowest average envelope minimum in all AVCN units is seen in On units. As shown in Fig. 16B , the few On units we studied have a nearly zero envelope minimum across all sound levels. This extremely low envelope minimum results in an exceptionally high modulation depth in On units, although their envelope peak heights are not greater than those of ANFs (Fig. 12 F) . OnC units exhibit envelope minima with values in between those of chopper and On units, as shown in Fig. 16A . At 80 dB SPL, the majority of OnC units have envelope minima comparable to or lower than the lowest envelope minima seen in ANFs (Fig. 16C) . Their average envelope minimum (24.12 spikes/s) is much smaller than that of low/medium SR ANFs ( 66.36 spikes/ s) , which is the lowest in SR groups of ANFs (see Table 1 ). A small envelope minimum and a large envelope peak height at 80 dB SPL give rise to a high modulation depth in OnC units at this sound level. We have seen thus far that both envelope peak height and envelope minimum influence modulation depth. The relationship of these three measures is summarized in Fig. 17 . In this figure, envelope peak height is plotted versus envelope minimum for ANFs and AVCN units with 3-10 kHz BFs, all measured at 80 dB SPL. In Fig. 17 , A-D, a point on the abscissa has modulation depth equal to 0; a point on the ordinate has modulation depth equal to 1. Because modulation depth is determined by the ratio of envelope peak height to envelope minimum, all points along a straight line passing through the origin have the same modulation depth. Two such lines, representing 0.64 and 0.9 modulation depth, are plotted in all plots in dashed lines. Thus points with high modulation depth are located at the top left on the plots, whereas those with low modulation depth are at the bottom right.
We see from Fig. 17A that low/medium and high SR ANFs distribute in two clusters, which can be approximately separated by the line representing 0.64 modulation depth or a pair of lines representing envelope minimum of 90 spikes/ s and envelope peak height of 160 spikes/s, respectively. These lines are plotted in Fig. 17, A-D . The separation of two ANF populations in Fig. 17 A means that low/ medium SR ANFs have higher envelope peak height and lower envelope minimum than do high SR ANFs at the sound level analyzed (80 dB SPL).
Figure 17 B shows that most Pri units (7 out of 10) scatter below the line representing 0.64 modulation depth, i.e., on the side of high SR ANFs. The envelope peak height for most Pri units is higher than the highest value for high SR ANFs. The Pri units whose modulation depth is in the range of that of high SR ANFs (below 0.64) differ from the main body of high SR ANFs by having higher envelope peak height, an indication that they receive converging ANF inputs at 80 dB SPL (see DISCUSSION) .
PN units are located where low/medium SR ANFs scatter and they all show modulation depth higher than 0.64 (Fig. 17 B) . Chopper units occupy a larger area than do PN units (Fig. 17C) . All but one of the chopper units are located above the 0.64 modulation depth line. The higher modulation depths of the onset units at high sound levels result from lower envelope minimum (Fig. 17 D) and, for some units, from large envelope peak height at the same time. It is noted that, except for Pri type, nearly all of the AVCN units shown in where low/ medium SR ANFs cluster, which indicates that processing of envelope information carried by ANFs takes place in these units.
Envelope latency in responses to SFS
We have seen how envelope modulation varies as a function of sound level. In this section, the timing of the envelope peak is analyzed. We define envelope latency as the lag between the envelope peak location of a period histogram (see Fig. 1 B) and that of the stimulus used. A 0.55-ms acoustic delay in our sound delivery system is subtracted from the neural data. As one can see from period histograms of responses to SFS (Figs. 2, 5 , and 8), the envelope peak location generally decreases as sound level increases. As a result, envelope latency decreases with increasing sound level as well, because envelope location of SFS does not vary with sound level. This is shown in Fig. 18, A and B , in which envelope latency is shown as a function of sound level in dB SPL for primarylike and chopper units with BFs between 2 and 3 kHz. The ranges of envelope latency from low/medium and high SR ANFs are shown by the shaded and outlined areas, respectively, in both figures.
PRIMARYLIKE
UNITS.
Envelope latency of primarylike units, like that of ANFs, decreases as sound level increases up to -60 dB SPL and stays relatively constant thereafter. Note that the envelope latency of primarylike units is roughly parallel to that of ANFs. In other words, the delay in envelope peak between primarylike units and ANFs is approximately uniform across sound levels. Figure 18C compares envelope latency measured at 50 dB SPL between ANFs and primarvlike units. Both Pri and PN units 200 300 FIG. 17. Analysis of relationship among modulation depth, envelope peak height, and envelope minimum. Envelope peak height is plotted vs. envelope minimum, both measured at 80 dB SPL, for ANFs and AVCN units with BF between 3 and 10 kHz. A-D: ANFs, primarylike, chopper, and onset units, respectively. Each of the 2 dashed lines crossing origin on A represents a constant modulation depth given by various combinations of envelope peak height and envelope minimum. Number near end of each line indicates the value of the constant modulation depth. Low/ medium SR ANFs on A are approximately separated from high SR ANFs by dashed line representing modulation depth of 0.64. Low/medium SR ANFs are also separated from high SR ANFs by 2 dotted lines parallel to axes along both horizontal (envelope peak height = 160 spikes/s) and vertical (envelope minimum = 90 spikes/s) directions. The 2 dashed and dotted lines on A are also reproduced on B-D to outline distribution of ANFs. Symbols are indicated on plot.
show longer envelope latency than that of ANFs at all BFs tested.
CHOPPER
Chopper units have been shown to have longer minimum first spike latencies than do primarylike units (Blackburn and Sachs 1989; Young et al. 1988a ). In Fig. 18 B envelope latency is plotted versus sound level in dB SPL for chopper units with BFs between 2 and 3 kHz. Envelope latencies of ANFs are shown by shaded areas. The average envelope latency of choppers is -1-1.5 ms longer than that of high SR units at most sound levels, which is close to the delay measured from the minimum first spike latencies by Young et al. ( 1988a) . As shown in Fig. 18 B, there is a larger difference between the envelope latency of ANFs and that of chopper units at low sound levels than at high sound levels. The comparison between chopper units and ANFs in envelope latency at 50 dB SPL across BF is shown in Fig. 18D. Figures 18, C and D, show that the envelope latency in chopper units is significantly longer than that in primarylike units. The difference is greater at BFs above -3 kHz than below this frequency. A similar relationship in minimum first spike latency was reported previously by Young et al. ( 1988a) . DISCUSSION 
Possible neural mechanisms for modulation enhancement
Response properties of an AVCN cell depend on the nature of inputs (e.g., excitatory or inhibitory, at or off unit BF, etc.), synaptic configurations (e.g., ANFs synapsing at somata or along dendritic trees) and biophysics of the cell membrane. Specifically, we will consider below these issues: 1) convergence of excitatory ANF inputs, 2) conver- gence of off-BF ANF inputs, 3) the effect of temporal integration, and 4) the role of inhibitory inputs. Quantitative statements about the effect of these mechanisms on envelope modulation are, at least to some extent, model dependent. In a future paper (now in preparation) we will present a detailed model analysis of the issues.
Convergence of excitatory ANFs with the same BFs on an AVCN cell can be of three kinds: 1) all high SR ANFs, 2) all low/medium SR ANFs, and 3) both high and low/medium SR ANFs. Although not much is known about how ANFs converge on AVCN cells, there is strong evidence that the convergence is a common feature in most AVCN cells. Spherical bushy cells, the source of Pri response type, were shown to receive one or a few ANFs on their somata (Cant and Morest 1979b) . Evidence suggests that ANFs from different SR groups of ANFs tend not to converge on the same spherical bushy cell (Liberman 199 1; Ryugo and Sento 199 1). The number of ANFs synapsing on the somata of globular bushy cells, from which PN units are recorded, was recently suggested to be much larger ( -40) than previously thought, and they may include both low/medium and high SR ANFs (Liberman 199 1). Stellate cells, which give chopper responses, have been shown to receive ANF inputs on or near cell bodies as well as on distal dendrites (Liberman 199 1; Ryugo et al. 1993; Smith and Rhode 1989) . Both low/medium and high SR ANFs were shown to synapse on stellate cells (Ryugo et al. 1993) , with the number of input ANFs at the somata estimated at -10 (Liberman 199 1). There has been no direct evidence regarding the convergence of inputs from two SR groups of ANFs on the same stellate cell.
To separate the effect of convergence from other neural mechanisms, we assume in our discussions below that all input spikes are suprathreshold, i.e., that each individual spike is able to drive the postsynaptic cell. The situation when input spikes are subthreshold will be discussed later. If every input spike results in an output spike, then it is easy to show that the modulation depth of the output spike train will be no greater than the largest modulation depth among the converging inputs. In any event, convergence cannot therefore explain the gain in modulation depth illustrated by the data in Figs. 3, 6 , and 9, where output modulation depth of some AVCN units is greater than the largest ANF modulation depth.
Although the convergence of excitatory inputs does not increase modulation depth, a normalized measure, in an AVCN cell over that of its inputs, it does increase nonnormalized measures like envelope peak height and envelope minimum.
The magnitude of nonnormalized measures of output response should increase with the number of converging inputs, though not necessarily linearly, until it is limited by refractoriness or other saturation mechanisms of discharge rate in an AVCN cell. If all converging inputs come from one SR group, and have similar BF thresholds, the increase in envelope peak height relative to that in the input should be the same at all sound levels if the cell were a linear system. For AVCN cells, which are clearly nonlinear, such convergence should generate less increment at high than at low sound levels because rate saturation and/or refractory properties are likely to reduce envelope peak height at higher sound levels. On the other hand, if a cell receives inputs from both high and low/medium SR ANFs, the number of activated inputs will increase as sound level increases because of recruitment of low SR/ high threshold ANFs. It was shown in our earlier report (Wang and Sachs 1993) that low/medium SR ANFs maintain higher envelope peak height at high sound levels in dB SPL than do high SR ANFs. Thus the convergence of both high and low SR ANFs can result in a larger increment in envelope peak height at high sound levels than at low sound levels above unit threshold. In fact, comparison between chopper units and ANFs shows that there is a larger increase in the envelope peak height at 70 dB re threshold (mean envelope peak heights: ChS/ChT = 487 spikes/s, ANF = 215 spikes/s; ratio of 2.3) than at 30 dB re threshold (mean envelope peak heights: ChS/ChT = 569 spikes/s, ANF = 407 spikes/ s; ratio of 1.4). Such a difference in envelope peak height is also seen in other AVCN units, except Pri type. This evidence suggests that convergence of low/ medium and high SR ANFs may occur in most AVCN units. Nonetheless, convergence of suprathreshold inputs above can generate modulation depths no higher than that of the low/medium SR ANFs.
As we showed in our earlier report, ANFs maintain considerably higher modulation depth at high sound levels if the stimulus is centered away from unit BF (Wang and Sachs 1993) . In some cases, the modulation depth induced by off-BF stimuli can be significantly higher than even that of low/medium SR ANFs at high sound levels. The off-BF excitatory inputs thus provide potential sources of modulation at high sound levels. It is conceivable that an AVCN unit can achieve enhanced modulation depth by receiving excitatory off-BF ANFs. In fact, there is evidence that some AVCN cells may receive excitatory off-BF ANFs (Carney 1990; Young and Sachs 1988) .
We now consider the effects on envelope modulation of subthreshold ANF inputs, i.e., inputs that generate individual EPSPs too small to produce an output spike. In this case, temporal integration of EPSPs from one or more inputs is needed to produce an output spike. In vitro studies have shown that temporal integration of subthreshold EPSPs occurs in stellate cells but does not occur in bushy cells ( Oertel 1983; Oertel et al. 1988 ) . This finding is consistent with the observation that phase-locking to BF tones is preserved in primarylike units but degrades in chopper units (Blackburn and Sachs 1989; Wang 1991) .
If input ANFs produce subthreshold EPSPs, the input discharge rate, summed over all inputs, must be higher than a threshold value to drive an AVCN cell to discharge. The magnitude of this threshold value depends on properties of the spike generator of an AVCN cell. The effect of such a threshold is to shift the output rate versus input rate function to the right; the threshold effect is thus a reduction in output rate at any input rate (ignoring saturation effects). When discharge patterns of the ANF inputs are envelopemodulated, both the envelope minimum and maximum of the output will be reduced. This reduction can occur without a reduction in envelope peak height unless envelope minimum of the input is 0. Such a threshold effect could thus result in an increase in modulation depth in an AVCN cell.
INHIBITORY
INPUT.
There has been considerable evidence showing the existence of inhibitory inputs to ventral cochlear nucleus (VCN) bushy (Adams and Mugnaini 1987; Altschuler et al. 1986; Saint Marie et al. 1989; Wenthold et al. 1987 ) and stellate cells (Cant 198 1; Saint Marie et al. 199 1; Wenthold 1987; Wickesberg and Oertel 1988) although the nature of the inhibitions (e.g., source, on-or off-BF, etc.) is largely unknown. Inhibitory membrane potentials are frequently seen in intracellular recordings of VCN cells both in vivo Rhode 1989) and in vitro (Oertel 1983; Wu and Oertel 1984) . Inhibitory inputs can effectively increase discharge threshold of an AVCN cell, reduce the envelope minimum, and thus increase modulation depth. One prediction is that the strength of inhibition should be proportional to sound level, at least in those units that showed extremely high modulation depth at high sound levels. Such inhibitions could be driven by on-BF/ low SR or off-BF ANFs. In fact, there are some anatomic substrates that may support such configurations. For example, Liberman ( 199 1) recently showed that the small cell cap in the AVCN is innervated exclusively by low/medium SR ANFs. These small cells have the potential to give AVCN cells inhibitory inputs that are stronger at high than at low sound levels.
Implicationsfiv signal processing mechanisms in dQ'@rent A VCN cell types
Results of the present study, taken together with available anatomic evidence and studies using pure tone stimuli, offer us some clues to the information processing circuitry at the AVCN. We discuss below some implications of the findings and analysis above for signal processing mechanisms in AVCN major cell types.
PRI UNITS.
Pri units have been shown to exhibit phaselocking to BF tones similar to that of ANFs (Blackburn and Sachs 1989; Bourk 1976) and to be innervated by one or a few ANFs synapsing on their somata through the endbulb of Held (Liberman 199 1; Lorente de No 198 1; Ryugo and Sento 199 1). This evidence suggests that Pri units receive suprathreshold ANF inputs, because convergence of a small number of subthreshold inputs will certainly result in a reduction in BF phase-locking because of the effect of temporal integration (Oertel et al. 1988 ). As we have discussed above, such a configuration will lead to no increase in modulation depth and, depending on the number of the converging inputs, equivalent or increased envelope peak height and minimum.
In fact, our data showed that Pri units did not exhibit much change in their modulation depth compared with all ANFs (Figs. 3 and 11) . There is only small elevation of envelope peak height (Fig. 13 D) and envelope minimum (Fig. 14A) in Pri units over the average values of ANFs. Moreover, average discharge rates of Pri units in response to SFS are comparable to those of ANFs (Fig. 19 A) . Observations from responses to SFS are consistent with the notion that Pri units are predominantly influenced by a small number of suprathreshold ANF inputs.
PN UNITS.
Evidence indicates that globular bushy cells, the source of PN responses, are innervated by a large number of ANFs ( -17, Spirou et al. 1990; -40, Liberman 199 1) . To achieve the observed BF phase-locking, which is similar to that of ANFs (Blackburn and Sachs 1989; Bourk 1976 ), the ANF inputs should be either suprathreshold or subthreshold but with nearly identical BFs to allow spatial summation (Oertel et al. 1988) . The argument against subthreshold inputs is that they will produce outputs that are more regular than those seen in real PN responses (Young et al. 1993) . For responses to SFS, convergence of suprathreshold inputs results in both increased envelope minimum and peak height, as we discussed above. Our data indicate that PN units have higher envelope peak height (Fig. 13 D) but lower envelope minimum (Fig. 14C) at high sound level than those of ANFs. This suggests that if PN units receive suprathreshold excitatory inputs, they must receive inhibition as well to reduce the envelope minimum. It is possible that ANF inputs to a PN unit are a mix of both supra-and subthreshold events, so that its outputs would not be too regular and its envelope minimum would not be too high.
CH-S AND CH-T UNITS.
Because of the degradation seen in BF phase-locking in chopper units (Blackburn and Sachs 1989; Bourk 1976) , their inputs are unlikely to be dominated by suprathreshold ANF inputs at or near somata. On the other hand, inputs on distal dendrites are subject to attenuation by low-pass filtering (Young et al. 1988b ) and are thus likely subthreshold when they reach somata. As a result, temporal integration is necessary to bring a chopper unit to discharge. There is evidence that the membrane characteristics of stellate cells, from which chopper responses are recorded, supports temporal integration (Oertef 198 3 ) . The available data also suggest convergence of multiple ANFs on stellate cells (Liberman 199 1). In response to SFS, many chopper units show a significant increase in envelope peak height (Figs. 12, C and D, and 13, B and E) , suggesting a large number of converging inputs. However, data show that envelope minimum in chopper units, on average, is lower rather than higher than that of ANFs at most sound levels (Fig. 1X?) , as would be predicted from the convergence. Both temporal integration and inhibition could contribute to the reduced envelope minimum.
An interesting characteristic of chopper responses to SFS, in contrast to primarylike units, is that the difference in envelope latency between chopper units and ANFs is larger at low levels than at high sound levels (Fig. 18 B) . The delay between temporal discharge patterns of ANFs and AVCN units can result from synaptic delay, dendritic conduction time, and postsynaptic integration time. Among these, the synaptic delay is likely to remain relatively constant at different sound levels. A longer envelope latency at low sound level suggests two possibilities: 1) inputs to chopper units are dominated by those inputs further away from the somata at low sound levels and by those closer to the somata at high sound levels (e.g., low SR/ high threshold ANFs), so that conduction time is shorter at high sound levels, which leads to a shorter envelope latency; and 2) the integration time is more significant than dendritic conduction time in chopper units, if we assume their inputs are subthreshold. Higher input rate at high sound levels makes temporal integration occur faster and thus leads to a shorter envelope latency.
ON-C UNITS.
Among all AVCN types, OnC units showed the largest increment in envelope peak height over that of ANFs (Fig. 12 E) , an indication of convergence of significant number of ANFs. The envelope minimum in OnC units is lower than that of ANFs (Fig. 16C) . In contrast to Pri and chopper units, average discharge rates of many OnC units are lower than that of high SR ANFs at high sound level (Fig. 1 SC) . These observations suggest a stronger influence of inhibition in OnC units than in chopper units.
Comparison with previous studies
The SFSs used in this study are similar to AM stimuli in that both have amplitude modulation.
However, an SFS has a series of sidebands surrounding the carrier frequency 1969; Mailer 1972a Mailer , 1976 and conducted more recently with better knowledge of recording locations within CN divisions and identification of physiological response types of the recorded units (AM: Frisina et al. 1985 , 1990a Kim et al. 1990; two-tone complex: Greenberg and Rhode 1987) . Previous studies with AM sounds found that modulation transfer functions of most CN units, except for Pri type, have band-pass characteristics at moderate to high sound levels (Frisina et al. 1990a; Kim et al. 1990; Molller 1972b) , compared with the low-pass characteristics of ANF (Joris and Yin 1992; Merller 1976; Palmer 1982) . The peaks of band-pass modulation transfer functions were found in the range of SO-520 Hz in VCN of anesthetized gerbils (Frisina et al. 1990a ) and of 50-500 Hz in PVCN and DCN of decerebrate cats (Kim et al. 1990 ). The fundamental frequency of the SFSs used in the present study is within the range of frequencies where AM sounds were shown to generate strong phase-locked responses in VCN units.
In the study of Frisina et al. ( 1990a) , On-L units, a subtype of onset category (Rhode and Smith 1986) and similar to our On type, showed the strongest enhancement in modulation gain compared with that of ANFs, followed by chopper, PN, and Pri units. The above relationship was based primarily on characterization of modulation by the magnitude of the fundamental component in the spectra of PSTHs at 50 dB re threshold. The results of the present study agree with their observations that Pri units show the least amount of modulation and On-L units show the most. However, our data showed little enhancement of modulation depth over ANFs in Pri units with respect to sound level re threshold. In addition, by separating units with "chopping" PSTH into three subtypes (ChS, ChT, and One), we found that ChS units show less enhancement than do PN units, which have as much enhancement as ChT units at moderate to high sound levels, whereas OnC units show greater modulation enhancement than do both ChT and PN units. The "chopper" category in the study of Frisina et al. ( 1990a) includes ChS, ChT, and possibly OnC types. This, as well as the fact that some choppers were recorded from PVCN, may explain why the chopper category was found to have higher modulation gain than the PN category in their study. OnC is a predominant response type in PVCN (Rhode and Smith 1986)) but is much less frequently recorded in the AVCN. Kim et al. ( 1990) observed higher maximum vector strength (a measure similar to the& synchronization index) at high sound levels (60-85 dB SPL) in PVCN and DCN units of decerebrate cats than in ANFs. Greenberg and Rhode ( 1987) studied responses of cat VCN neurons to a two-tone complex and suggested that chopper and On units function as envelope and pitch period encoders, respectively. In the present study, we showed This evidence suggests an important role of PN units as carriers of envelope or periodicity information to higher centers. PN units also are known to encode fine structures of tones or complex stimuli (Blackburn and Sachs 1989, 1990; Bourk 1976) . In this sense, PN units are better encoders of temporal information than all other AVCN types. Frisina et al. ( 1990b) suggested that two mechanisms may be responsible for the amplification of modulation in ANF discharge patterns; one mechanism would result in lowering the average response to AM stimuli, and the other would cause an increase in the fundamental component of the response. We found that AVCN units can have comparable, increased, or decreased average discharge rate in response to SFS, compared with ANFs, and yet achieve enhanced envelope modulation. In Fig. 19 , modulation depth is plotted versus average discharge rate for ANFs and AVCN units with BFs between 3 and 10 kHz, both measured from response to SFS at 80 dB SPL. As we can see from Fig. 19A , the mean of average discharge rates of ANFs is between 150 and 200 spikes/s for both low/medium and high SR groups. For the majority of PN, ChS, and ChT units, their average discharge rates are comparable to or higher than those of ANFs, whereas their modulation depths are comparable to or higher than that of low/medium SR ANFs. Only On and OnC units show lowered average discharge rate at high modulation depth. There is a tendency for some units with higher average discharge rate to show lower modulation depth, but the correlation is weak within each AVCN type. In the responses to AM stimuli, the change in transient response (e.g., measured by modulation depth) as a function of sound level can be very different from that in the average response (e.g., measured by average discharge rate), as was shown in ANF (Smith and Brachman 1980) . It is thus more appropriate to state that modulation enhancement is due to dynamic adjustment by AVCN cells (i.e., changes in the response envelope), which may, but do not necessarily, result in the reduction in average response rate.
Implications for other auditory functions
The finding of enhancement of envelope modulation in AVCN cells supports the notion that periodicity pitch of complex sounds with missing fundamentals is extracted by the central systems from neural discharge patterns originated from ANFs (de Boer 1976; Plomp 1976) although there is an alternative spectral mechanism at low frequencies (Goldstein 1973; Srulovicz and Goldstein 1983; Terhardt 1972; Wightman 1973) a The use of a temporal code of envelope information by the CNS at high frequencies, where frequency components are not resolved at the auditory periphery, has been suggested by a number of psychophysical studies. For example, envelope fluctuation in the stimulus waveform was shown to affect the pitch perceived from AM wide-band noise (Burns and Viemeister 1976 ) and harmomc complexes centered at high frequency (Houtsma and Smurzynski 1990) . Another possible usage of the envelope cues is in sound localization and lateralization at high frequency. It has been shown that listeners can detect interaural time delays conveyed via the envelope of that PN units can code envelope modulation just as well as the stimuli centered at high frequencies (Henning 1974; ChS and ChT units, or even better in some cases (Fig. 11) .
McFadden and Pasanen 1976; Nuetzel and Hafter 1976).
Obviously, for the auditory system to use temporal codes of envelope information, they need be preserved, further enhanced, or even separated from other auditory information. Such processing seems to take place at higher centers beyond the CN [see Langner ( 1992) for review]. There is evidence that some neurons in the inferior colliculus are specialized in representing stimulus periodicity reflected by the envelope of AM sounds (Langner and Schreiner 1988; Schreiner and Langner 1988 ) . Sensitivity to interaural time difference of the envelopes of AM sounds from two ears was found in lateral superior olive (LSO) cells (Caird and Klinke 1983; Joris et al. 1990) , which receive inputs from AVCN globular bushy cells (the source of PN responses), and in high-BF medial superior olive (MSO) cells (Yin and Chan 1990) which are binaurally innervated by AVCN spherical bushy cells (the source of Pri responses). Furthermore, cells in the inferior colliculus were shown to be sensitive to the interaural time difference of the envelopes of AM stimuli centered at high frequency (Batra et al. 1989; Yin et al. 1984) .
